Abstract The MEK inhibitor trametinib was approved in 2013 for the treatment of unresectable or metastatic melanoma with a BRAF V600E mutation, the most common pathogenic mutation in melanoma. Trametinib blocks activation of ERK1/2, inhibiting cell proliferation in melanoma. ERK1/2 also protects against multiple types of cardiac insult in mouse models. Trametinib improves survival in melanoma patients, but evidence of unanticipated cardiotoxicity is emerging. Here we describe the case of a patient with metastatic melanoma who developed acute systolic heart failure after trametinib treatment and present the results of the literature review prompted by this case. A patient with no cardiac history presented with a 6.5-mm skin lesion and was found to have metastatic BRAF V600E melanoma. Combination treatment with trametinib and the BRAF inhibitor, dabrafenib, was initiated. The patient's pre-treatment ejection fraction was 55-60%. His EF declined after 13 days and that was 40% 1 month after treatment. Two months after initiating trametinib, he developed dyspnea and fatigue. We conducted a chart review in the electronic medical record. We conducted a PubMed search using trametinib/adverse effects AND (''heart failure'' OR ''left ventricular dysfunction'' OR hypertension OR cardiotoxicity OR mortality). We also queried the FDA Adverse Events Reporting System for reports of cardiomyopathy, ejection fraction decrease, and left ventricular dysfunction associated with trametinib between January 1, 2013, and July 20, 2017. The literature search retrieved 19 articles, including clinical trials and case reports. Early clinical experience with the MEK inhibitor trametinib suggests that its clinical efficacy may be compromised by cardiotoxicity. Further studies in humans and animals are required to determine the extent of this adverse effect, as well as its underlying mechanisms.
Introduction
Persistent hyperactivation of the RAS-RAF-MEK-ERK pathway commonly contributes to carcinogenesis. Many of the recently developed cancer therapies target this pathway, including MEK inhibitors. Trametinib is a highly selective inhibitor of the tyrosine kinases mitogen-activated protein kinase kinase 1 and 2 (MEK 1 and MEK 2). In combination with the BRAF inhibitor, dabrafenib, trametinib prolongs life in patients with melanoma carrying an activating mutation in codon 600 of the BRAF gene (BRAF V600) [1] . The combination of dabrafenib and trametinib also received FDA approval for the treatment of BRAF V600 mutant non-small cell lung cancer in June 2017. Its efficacy in other tumor types, including kidney and breast cancer, is being explored actively in numerous clinical trials [2] [3] [4] [5] [6] . Trametinib generally is well tolerated, though can be associated with adverse effects on the cardiovascular system, including cardiomyopathy and hypertension. Here we report on a patient with BRAF V600E-mutated melanoma who developed systolic heart failure after 1 month of trametinib treatment. We also review the extant literature on trametinib cardiotoxicity and discuss its potential underlying mechanisms.
Case Report
The patient was a 69-year-old man who was diagnosed with Stage IIIB melanoma with brain metastases and treated with dabrafenib and trametinib. He had a 50-packyear smoking history but no history of heart disease and no other cardiovascular risk factors. His pre-treatment echocardiogram was notable for an ejection fraction (EF) of 55-60%. The left ventricular internal diameter was 4.5 cm. There was mild left atrial enlargement. His baseline electrocardiogram (EKG) showed normal sinus rhythm with non-specific ST segment abnormalities and one premature ventricular contraction (PVC).
A routine surveillance echocardiogram 30 days after the initiation of treatment revealed a mildly decreased EF of 45-50% (Fig. 1 ) without segmental wall motion abnormalities. The left ventricular internal diameter at end diastole (LVIDd) was 4.9 cm. There was mild left atrial enlargement. His EKG revealed multiple PVCs but otherwise was unchanged from the previous study. He was taking only dabrafenib, lactulose, and oxycodone ER at the time. He denied any symptoms suggestive of heart failure, but his trametinib therapy was interrupted due to the decreased EF.
He returned for further evaluation 40 days after initiation of therapy (10 days after discontinuation of trametinib). A limited echocardiogram revealed an EF of 40% with no regional wall motion abnormalities and stable LVIDd. An EKG was not performed. He continued to deny any symptoms suggestive of heart failure. His trametinib was not resumed due to persistent contractile dysfunction.
Two months after the initiation of trametinib (30 days after its discontinuation), he was admitted to the hospital for management of acutely decompensated heart failure. He presented with progressive exertional dyspnea, orthopnea, and bilateral lower leg swelling. Physical examination revealed jugular venous distention, decreased breath sounds, and pitting pre-tibial edema. His NT pro-BNP was elevated at 404 pg/mL, but his cardiac troponin-I and creatine kinase-MB fraction were within normal limits. His echocardiogram revealed an ejection fraction of 40% with an LVIDd of 5.3 cm and persistent left atrial dilatation. A SPECT myocardial perfusion scan revealed no evidence of ischemia or prior infarction. He was diuresed to euvolemia and discharged on hospital day 3 with lisinopril 2.5 mg daily and furosemide 20 mg daily.
Three months after initiation of trametinib, he was admitted to the hospital with hemorrhagic conversion of cerebral metastasis. He was deemed a poor surgical candidate, and he declined palliative radiation therapy. At his request, he was discharged home with hospice care. No cardiovascular evaluation was undertaken during this hospitalization.
Discussion

Mechanism of Antineoplastic Action
The classical MAP kinase pathway involves the sequential activation of a member of the RAS family, followed by activation of a RAF family member, leading to activation of MEK1/2 with resultant phosphorylation of ERK1/2 (Fig. 2) . The pathway initially is relatively linear, as RAF is narrowly selective for MEK1/2 and ERK1/2 is the only recognized substrate for MEK1/2 [7] . ERK1/2, on the other hand, phosphorylates over one hundred substrates, participating broadly in cell differentiation, proliferation, and metabolism [8] . The RAS-RAF-MEK-ERK signaling cascade is among the most frequently dysregulated pathways in carcinogenesis [2] . Inhibitors of this pathway, including MEK inhibitors, are among the most widely studied antineoplastic agents and are likely to see expanding clinical utilization in the coming years [2] .
Trametinib is a highly selective allosteric inhibitor of MEK1 and MEK2 that potently and persistently inhibits of ERK1/2 activation in multiple cancer cell lines and xenograft tumor models [8] . In 2013, trametinib received FDA approval for the treatment of BRAF V600E/K-mutant melanoma, the first MEK inhibitor to be approved for any indication. The FDA approval followed the publication of the METRIC trial, a Phase III clinical trial demonstrating the benefit of trametinib in melanoma treatment [9] . METRIC compared trametinib with standard chemotherapy (dacarbazine or paclitaxel) in V600-mutated melanoma. The relative risk of death in the trametinib arm compared to the chemotherapy arm was 0.54 (95% CI, 0.32-0.92; p = 0.01). Like other MEK inhibitors, trametinib is used most commonly in combination with other targeted agents as inhibition of MEK alone rarely provides therapeutically sufficient disruption of the aberrantly activated RAS-RAF-MEK-ERK cascade [2] . BRAF V600E is the most common oncogenic mutation in melanoma, followed by BRAF V600K, and both mutations have been identified in other malignancies [10] . Both mutations cause gain of BRAF's kinase function, leading to persistent hyperactivation of MEK1/2. Concomitant inhibition of both BRAF and MEK very effectively abrogated tumor growth in preclinical models [11] , serving as the basis for the COMBI-d [12] and COMBI-v [13] Phase III randomized controlled trials, which demonstrated superior efficacy of combination dabrafenib and trametinib therapy compared with BRAF inhibitor therapy alone for BRAF V600E mutated melanoma.
Literature Review
Our case prompted a review of the extant literature on trametinib cardiotoxicity. We conducted a PubMed search using trametinib/adverse effects AND (''heart failure'' OR ''left ventricular dysfunction'' OR hypertension OR cardiotoxicity OR mortality). These search terms yielded 2 previous case reports, 10 clinical trials, and one general review of kinase inhibitor cardiovascular toxicity in which trametinib was mentioned. This search did not yield any previous reviews of trametinib-associated cardiovascular toxicity.
Our review indicated that cardiomyopathy is the most concerning trametinib-related adverse event, though hypertension also is a reported side effect and may be more common. One case report discussed an 11-year-old child who was treated with trametinib for neuroblastoma [14] . His EF was 74% prior to treatment, but declined to 45% on his first surveillance echocardiogram 13 days after initiation of trametinib. Trametinib subsequently was stopped 15 days after initiation of treatment when the patient developed shortness of breath. Thirty-seven days after withdrawal of trametinib, his EF had nearly normalized. Another case study described a 32-year-old patient who received trametinib for NRAS-mutant (Q6IE) metastatic melanoma [15] . He presented to the hospital with coughing and dyspnea. He subsequently developed tachycardia, 1) . A Phase 1 dose-escalation trial of trametinib for treatment of advanced melanoma reported decreased EF in 7% (6/97) of subjects [16] . A Phase 1B trial was conducted to assess the safety and dosing for trametinib and gemcitabine for the treatment of patients with solid tumors and low ECOG performance status [3] . In this trial, 8 (of 31) patients discontinued the treatment of trametinib and/or gemcitabine due to toxicities. One patient in the 2-mg dosing cohort experienced a reduction in EF that improved after the dose was reduced. After the EF recovered, full therapeutic dosing was resumed. However, the patient subsequently developed recurrent left ventricular contractile dysfunction associated with heart failure symptoms and trametinib was stopped altogether. A Phase 2 trial of trametinib and gemcitabine for pancreatic cancer reported that 10% of subjects experienced adverse cardiac events; 3% of subjects had Grade 3 cardiac events [17] . The nature of these events was not specified. A Phase 2 trial (www. accessdata.fda.gov, NCT01336634) of trametinib and dabrafenib in non-small cell lung cancer identified new onset cardiomyopathy in 9% (8/93) subjects, requiring discontinuation of treatment in 5% of those enrolled, though these data were not included in the published interim analysis [18] . In another Phase 2 trial of trametinib in the treatment of melanoma, 3% (3/97) patients developed Grade 3 cardiomyopathy [19] .
The Phase 3 trial METRIC found 7% incidence of cardiomyopathy in the trametinib arm, and 2 patients had Grade 3 cardiotoxicity that required discontinuation of the drug [9] . The EF of both patients normalized after discontinuation of trametinib treatment. The largest clinical trial of trametinib treatment was COMBI-v, an open-label Phase 3 randomized clinical trial comparing the combination of trametinib and dabrafenib with the BRAF inhibitor vemurafenib in 704 melanoma patients with V600E or V600K mutations [12] . Combination therapy resulted in 77% 1-year survival compared to 65% in the vemurafenib arm (HR = 0.69, p = 0.005). Decreased ejection fraction was identified in 8% of subjects in the trametinib/dabrafenib arm and no patients in the vemurafenib arm. COMBI-d reported 4% incidence of cardiomyopathy in the trametinib/dabrafenib arm and 2% in the dabrafenib arm [13] . Collectively, these findings identify trametinib-associated cardiomyopathy as a relatively rare but important adverse event. The cardiotoxicity of combination trametinib/dabrafenib therapy appears to arise almost entirely from MEK inhibition.
One general toxicological review of multiple kinase inhibitors collected outcomes from assessment reports from the FDA, EU Committee for Medicinal Products for Human Use, postmarketing studies, and clinical trials [20] . The median time to decreased EF in the trametinib group was 63 days (range 16-156); it was 86 days (range 27-253) in patients who received both trametinib and dabrafenib group. The authors reported that across clinical trials, 11% of patients treated with trametinib developed cardiomyopathy, as defined by an EF decrease [10%. The authors found no evidence of cardiomyopathy that resulted from treatment with dabrafenib alone. Research AE (http:// www.researchae.com), which aggregates postmarketing reports of adverse events, includes 4506 reports of trametinib toxicity; heart failure or decreased EF constituted 3.1% of these events.
Given the paucity of extant literature describing trametinib-induced cardiomyopathy, we requested postmarketing data from the FDA Adverse Events Reporting System (FAERS) database between the dates of January 1, 2013, and July 20, 2017. We reviewed the reports describing ''cardiomyopathy'' OR ''left ventricular dysfunction'' OR ''ejection fraction decrease'' OR ''cardiac failure, congestive.'' From over 5000 adverse event reports submitted during this time period, we identified 139 cases that pertained to trametinib-induced heart failure. The patients identified were 2-91 years of age, with a median age of 64 and three reports concerning patients younger than 18. The most common dose of trametinib referenced in the reports was 2 mg per day; however, there were 24 reports of cardiotoxicity occurring at lower doses. Ten of these reports were associated with a fatal event.
Not all trials reported cardiotoxicity due to trametinib. A Phase 1B trial aimed to investigate the safety and tolerability of trametinib and everolimus [21] . Sixty-seven patients with advanced solid tumors were included. In the trial, there were no significant cardiac events.
Trametinib also has been associated with hypertension. One small trial of cholangiocarcinoma therapy found mild hypertension in 64% of subjects (16 of 25) and more severe hypertension in 8% (2 of 25) [22] . Another Phase I study using trametinib and the Akt inhibitor afuresertib demonstrated hypertension in 15% of subjects (3 of 20) [23] . A Phase 2 trial comparing trametinib with docetaxel for non-small cell lung cancer reported hypertension in 15% of subjects receiving trametinib (13 of 87) and no incident hypertension in the docetaxel group. The METRIC trial reported 15% incidence of hypertension (32 of 231 subjects), including a 12% incidence of Grade 3 hypertension in subjects receiving trametinib. Subjects receiving standard chemotherapy in METRIC had a 7% incidence (7 of 99 subjects) [9] . The incidence of hypertension in COMBIv was 26% in the trametinib/dabrafenib arm and 24% in the vemurafenib arm [12] . COMBI-d found 22% hypertension with trametinib/dabrafenib and 14% with dabrafenib alone [13] . Collectively, these findings suggest that trametinib can cause hypertension and that the risk is enhanced by combination therapy with dabrafenib.
Multiple kinase inhibitors have been associated with QT prolongation and increased risk of ventricular arrhythmias. For instance, a meta-analysis demonstrated increased relative risk of QTc prolongation treatment with kinase inhibitors that target the vascular endothelial growth factor receptor (RR 8.6, 95% confidence interval 4.92-15.2) [24] . One small study Phase 1 study of 35 patients with solid tumors examined whether trametinib can cause QT prolongation and found no difference in the corrected QT interval between trametinib and placebo using clinically relevant dosing [25] .
The natural history, prognosis, and treatment of trametinib-induced cardiomyopathy have not been well established. Cardiomyopathy can occur within the first month of treatment or as late as 2 years after initiation [12, 18] . In the studies reviewed, many, but not all, patients experienced recovery of their EF after discontinuation of treatment. The potentially reversible nature of trametinib heart injury is consistent with observed patterns of response to other targeted therapies [26] .
Management of trametinib-induced cardiotoxicity is not well defined. Novartis guidelines suggest withholding treatment for up to 4 weeks if the EF decreases by [10%, with rechallenge at a lower dose if the EF recovers. These guidelines suggest that trametinib treatment should be discontinued altogether for an EF decrease [20% or if symptomatic heart failure develops (www.accessdata.fda. gov). Neurohormonal antagonists such as ACE inhibitors and beta-blockers, which may promote recovery after trastuzumab-induced heart injury, have not been studied in the context of therapeutic MEK inhibition. However, the use of beta-blockers for management of trametinibinduced cardiomyopathy is biologically appealing. Myocardial beta-adrenergic receptor activation signals through both the cardioprotective MEK/ERK axis (as below) and the cardiotoxic p38 MAP kinase pathway [27, 28] . Theoretically, inhibiting MEK could shunt betaadrenergic signaling toward p38 [29, 30] , hence augmenting the deleterious effects of MEK inhibition. Betablockers might attenuate these effects directly by inhibiting beta-adrenergic receptor-mediated p38 activation.
The MEK-ERK Axis is Cardioprotective
Trametinib is highly selective for MEK1/2 [8] ; hence, the adverse cardiac effects likely result directly from suppression of ERK1/2 activation in the heart rather than off target effects. ERK1/2 has well-documented cardioprotective effects (reviewed in Ref. [31, 32] ), participating in protection against oxidative stress [33] , adaptive hypertrophy [34] , and anti-apoptotic protection against cytotoxic insults like anthracyclines [35] .
There are no published studies on the cardiac effects of trametinib in animal models. Mice that lack ERK1/2 (ERK1/2 -/-)-a genetic, rather than pharmacologic loss of function-have normal cardiac size and function, but are more susceptible to cardiomyocyte apoptosis and develop larger infarcts after coronary artery ligation [36] . Pressure overloading the hearts of ERK1/2 -/-mice with transverse aortic constriction leads to accelerated pathological cardiac hypertrophy and heart failure compared to wild-type littermate controls [37] , but these defects can be rescued by overexpression of MEK1 [36, 37] . The observation that ERK null mice have phenotypically normal hearts at baseline, but are particularly susceptible to injury, may help to explain why trametinib cardiotoxicity does not occur with greater frequency in humans. It is conceivable that a second source of injury-hypertension, ischemia, or other toxic drug exposure-is required for cardiomyopathy to manifest. This ''two-hit'' hypothesis is true of other targeted therapies: mice treated with sorafenib have no evidence of cardiotoxicity, but develop accelerated heart failure after experimentally induced myocardial infarction [38] . Similarly, the likelihood of developing trastuzumab-induced cardiotoxicity is substantially higher in patients with cardiovascular comorbidities, such as the patient in our case report [39] . This enhanced susceptibility may become more evident as trametinib is administered to patients in the general population, who tend to be higher risk than those who are enrolled in clinical trials.
Conclusion
Trametinib is a highly selective MEK1/2 inhibitor that improves survival in patients with BRAF V600-mutated melanoma and is entering clinical trials for numerous other malignancies. Trametinib cardiotoxicity, typically manifest as cardiomyopathy, is relatively rare, but can cause symptomatic heart failure and necessitate discontinuation of otherwise effective antineoplastic therapy. This important adverse effect likely arises from inhibition of the cardioprotective effects of the MEK-ERK signaling axis.
